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adsorptive separation 
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Abstract: Simultaneous improvement in adsorption selectivity and 
capacity for single adsorbents is challenging but counting for much 
in adsorptive separations. To this end, a formate metal-organic 
framework and activated carbon fibre composite was synthesized in 
our work by a simple two-step process, involving homogeneous 
precipitation of a MOF precursor on an activated carbon fiber, and 
subsequent template replication. The resultant core-shell composite, 
ACF@[Ni3(HCOO)6], exhibited optimized adsorption performance 
both in selectivity and capacity for the separation of CH4/N2 to most 
of state-of-the-art adsorbents. 
Separation of CH4/N2, whilst desirable for the recovery of 
methane from different resources and emissions, is rather 
challenging due to their similar kinetic diameters and the higher 
polarizability/lower quadrupole moment of CH4.[1] A myriad of 
adsorption-based strategies have been applied to the separation, 
though the adsorbents used suffer from low capacities and 
selectivities, or blockage problems.[1,2] Activated carbon fibres 
(ACFs) have been suggested as a possible solution owing to 
their relatively abundant micropores, low polarity and fast 
adsorption/desorption rates, though they exhibit undesired 
selectivities due to their wide pore size distributions (PSDs).  
More recently, metal-organic frameworks (MOFs), three-
dimensional networks consisting of inorganic nodes linked by 
organic ligands, have been proposed for potential application in 
gas separations.[3] Metal formate frameworks, a specific class of 
MOFs (Figure 1a), have been shown to exhibit higher 
selectivities than others owing to their uniform one-dimension 
micropores and optimal polarizability.[4-6] Overall methane 
sorption capacities however, need be further enhanced for 
adsorptive separation.[5,6]  
For gas separations based on physisorption in absorbents, 
there exists a trade-off between sorption capacity and selectivity, 
which is a major barrier to the development of new material 
candidates.[7] Recent work tactfully addressed the problem in a 
selection of MOFs by exercising accurate control over pore size 
and chemistry.[7] In our case, we are up for the challenge by 
simply targeting the synthesis of MOF-ACF composites, in which 
the high specific selectivities of the former are integrated with 
the large storage capacities of the latter.  
Synthetic methods such as one-pot synthesis,[8] secondary 
growth,[9] layer by layer assembly and direct self-assembly 
approaches,[10] have been used to create such composites. In 
order to circumvent problems caused by the application of mixed 
powder composites, significant advances have been made in the 
design of suitable MOF-composite morphologies.  Promising 
strategies include embedding MOFs within polymer matrices,[11] 
directly hot-pressing reactants together to form coatings,[12] and 
growing MOFs onto the surface of the substrates by template 
replication, which is widely used to fabricate higher-order MOF-
based architectures but usually requires microwave-assisted 
synthesis.[13] 
Core-shell architectures,[14] in which a highly selective MOF 
layer covers the surface of the ACF and attenuates the wide 
PSDs, while retaining the overall sorption capacity, appear 
particularly promising with respect to their macroscopic 
architectures. In this work, we synthesized a MOF-ACF 
composite for CH4/N2 separation through a facile template-
based strategy involving (i) loading of a Ni precursor on ACF 
fabric by homogeneous precipitation, and (ii) conversion of this 
precursor into a [Ni3(HCOO)6] MOF through template replication 
(Figure 1b). The resultant composite was found to exhibit 
optimized CH4/N2 selectivities and CH4 sorption capacities to 
other adsorbents. 
Ni2(OH)2CO3 was selected as a suitable starting precursor as 
it could be easily obtained via homogeneous precipitation of 
soluble nickel ions by urea hydrolysis, and also proved to be 
feasible for the formation of [Ni3(HCOO)6] MOF (Figure S1). In a 
typical experiment, activated carbon fibers were immersed into a 
clear solution containing nickel sulphate, urea and deionized 
water, in a 1: 5: 555 molar ratio, and heated to 363 K for 12 
hours in an autoclave. Powder X-ray diffraction (PXRD) 
performed showed the presence of broad peaks in the product 
matching those present in both pure ACF and Ni2(OH)2CO3 
(Figure 1c, see more details in SI). Scanning electron micro-
scopy (SEM) revealed a dense, cracked outer layer (Figure 2), 
which is consistent with other work.[15]  
Precursor conversion was then performed by immersing the 
above-synthesized ACF@Ni2(OH)2CO3 into a formic acid/DMF 
solution (typically 6.0 wt% HCOOH), and heating to 373 K in an 
autoclave for 24 hours. The PXRD pattern of the product, 
ACF@[Ni3(HCOO)6], contained only peaks matching those of 
pure ACF and [Ni3(HCOO)6] (Figure 1c),[16] suggesting the full 
conversion of nickel carbonate hydroxide to the MOF structure.  
A uniform coating of [Ni3(HCOO)6] on the carbon scaffold is 
clearly visible (Figure 2c), and its identity as Ni3(HCOO)6 was 
confirmed by EDS analysis (spectroscopy and corresponding 
elemental mapping) (Figure S2). The measurements were 
observed to cause degradation of the MOF layer after relatively 
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Figure 1. (a) The structure of [Ni3(HCOO)6] framework: Ni-centred NiNi4 tetrahedral units with a gas molecule (purple) inside the pore and the unit cell of 
[Ni3(HCOO)6] framework, with one-dimensional zigzag like channels (pore width: ca. 4 × 5 Å). The C, O, H, N and Ni atoms are represented in black, red, grey, 
blue and green, respectively (H atoms are omitted for clarity here). (b) Schematic of the template synthesis of ACF@[Ni3(HCOO)6]. (c) XRD patterns of (1) ACF, 
(2) Ni2(OH)2CO3, (3) ACF@Ni2(OH)2CO3, (4) ACF@[Ni3(HCOO)6] and (5) the simulated pattern of [Ni3(HCOO)6] from ref [16].  
long-term exposure to the high-energy electrons (Figure S3), 
which is consistent with the susceptibility of MOFs in general to 
radiation damage.[17] The transformation process could also be 
followed through optical imaging (Figure S4). 
Interestingly, although coatings with less macroscopic 
defects could be prepared through use of milder hydrothermal 
conditions and reducing starting reagent concentration, the 
resultant thin layer of nickel precursor failed to supply enough 
nickel ions for coordination in the second step, giving birth to a 
discontinuous layer and sparsely situated MOF crystals on the  
 
Figure 2. SEM images of (a) pure ACF, (b) ACF@Ni2(OH)2CO3, (c) a side-
view of the MOF layer on ACF and (d) ACF@[Ni3(HCOO)6]. 
surface of the ACF (Figure S5). However, the presence of 
cracks in the nickel precursor layer was not deemed to greatly 
affect the quality of the final ACF@[Ni3(HCOO)6] material 
(Figure 2). This independence of the final coating quality upon 
the cracks in initial nickel precursor, is attributed to the greater 
extent of MOF crystallization and growth at these defect sites in 
the second step.[18] Nevertheless, attempts to fabricate a thicker 
homogeneous MOF layer were found companied by an increase 
in cracking (Figure S6). Besides, such attempts may also have 
led to undesirable overall methane sorption capacities (Figure 
S7), given the lower capacity of the MOF layer than the ACF 
layer (Figure 3b).  
Argon adsorption isotherms of the materials are displayed in 
Figure 3a. All exhibit Langmuir-type characteristics, which 
suggest uniform pores of micro-porosity. Isotherms of ACF and 
ACF@[Ni3(HCOO)6] reveal a minor hysteresis, indicating a small 
minority of mesopores inside. Based on the isotherms, the 
textual properties of the porous structure of the samples were 
calculated and listed in Table 1. Notably, the pore volume and 
specific surface area of MOF-ACF composite are close to those 
of pristine ACF and much higher than those of the pristine MOF. 
The lower porosity of the composite compared to the physically 
mixed sample is attributed to the partial blockage of the large 
ACF pores by the MOF crystals. This synergistic effect of 
combining the two components is also evident from the narrower 
PSD of the composite material (Figure S8). A drastic reduction 
in pores larger than 1nm was observed upon coating ACF with 
[Ni3(HCOO)6]. In stark contrast, the mixed sample exhibited 
pores representative of those in the pristine separate 
components, and most of the large pores still existed. 
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Table 1. Textual properties of the porous structures of ACF, [Ni3(HCOO)6], 
ACF@[Ni3(HCOO)6] and the mixed sample based on argon adsorption 
isotherms a 
Adsorbents SBET (m2g-1) 
SLangmuir 
(m2g-1) 
Vt 
(cm3g-1) 
Vmic 
(cm3g-1) 
ACF 1324 1613 0.573 0.473 
[Ni3(HCOO)6] b 284 337 0.130 0.092 
ACF@[Ni3(HCOO)6] 1053 1276 0.453 0.381 
MOF+ACF c 1102 1327 0.469 0.400 
MOF+ACF d 1095 1332 0.476 0.389 
a See more calculating details for the textual properties in characterization 
section in SI; b values may slightly vary from previous work because of the 
differences in after-treatment. c the physically mixed samples with 22 wt% 
MOF. d theoretical values calculated from the pure components by the ratio. 
Adsorption isotherms of CH4 and N2 were measured at 298 
K and 308 K (Figure 3b and Figure S9). All samples 
preferentially adsorbed CH4 over N2, which is ascribed to the 
higher polarizability of the former (26×10-25 cm-3 vs. 17.6×10-25 
cm-3).[1 ]  At 1 bar, the CH4 sorption capacity of ACF@ 
[Ni3(HCOO)6] was significantly higher (ca. 30%) than that of the 
pure [Ni3(HCOO)6] (Figure 4). The composite also exhibited a 
comparable CH4 sorption capacity to that of the pure ACF and 
 
Figure 3. (a) Argon adsorption/desorption isotherms at 87 K and (b) pure gas 
adsorption isotherms of CH4 and N2 at 298 K. Sample labelling as follows: (1) 
ACF, (2) the physically mixed sample with 22 wt% MOF, (3) ACF@ 
[Ni3(HCOO)6] and (4) [Ni3(HCOO)6] (Solid lines in b: Langmuir-Freundlich 
model, the linearity of fitting is 0.999). 
 
Figure 4. The CH4/N2 equilibrium selectivities and the CH4 sorption capacity of 
some state-of-the-art adsorbents at 298 K (see more samples and details in 
Table S2). 
the mixed sample over the pressure range. 
The pure gas adsorption isotherms are well fitted with the 
Langmuir-Freundlich model (parameters given in Table S1), and 
the Henry’s law selectivities of CH4/N2 are shown in Figure 4. 
As discussed in previous work, the wide pore distribution of the 
adsorbents would deteriorate the CH4/N2 selectivity, as the 
pores, especially the mesopores, could be large enough for both 
the adsorbate molecules to freely penetrate, and thus be less 
selective for the separation.[5,19] Therefore, the higher selectivity 
of ACF@[Ni3(HCOO)6] compared to the pure ACF and the mixed 
sample is ascribed to the narrower PSD of the former, which is 
close to the diameters of CH4 and N2 - 0.380 nm and 0.364 nm, 
respectively (Figure S8).[20] Currently, the highest selectivity for 
the separation (N2/CH4) reported by far is ca. 13, of Sr-ETS-4, 
which is based on a steric mechanism,[21] though the overall CH4 
sorption capacity remains modest. Most of other state-of-the-art 
adsorbents’ selectivities for CH4/N2 are below 5 (Figure 4).[2] 
In conclusion, we have fabricated a higher-order MOF-
carbon composite via a facile two-step strategy employing 
homogeneous precipitation and template replication. The 
resultant core-shell composite, ACF@[Ni3(HCOO)6], combining 
the gas adsorption selectivities of formate MOFs and overall 
sorption capacities of ACFs, revealed excellent adsorption 
performance with a high CH4/N2 selectivity (up to 6.2) as well as 
CH4 sorption capacity (up to 1.1 mmolg-1) at 298 K and 1 bar. 
The composite exhibited a ~25 % increase in selectivity 
compared to pure ACF, and a ~30 % increase in sorption 
capacity compared to the pure MOF. 
We believe the concept utilized in our work could be applied 
to combine other adsorbents deficient in some aspects but 
efficient in other, and the facile template strategy we 
demonstrated might also be scalable for the synthesis of other 
MOFs on other substrates.  
Experimental Section 
Materials 
All chemicals were used as obtained from commercial suppliers 
(Sinopharm and others). ACF fabric, with single fibre diameter of 
10-20 µm, was first washed with deionized water repeatedly and 
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then immersed into hydrochloric acid over night to remove the 
metal impurities. After washing with water to neutralization, the 
purified ACF was dried at 393 K in air for 6 h. 
Synthesis of ACF@Ni2(OH)2CO3  
A piece of ACF fabric was placed in a polytetrafluoroethylene 
(PTFE) liner and immersed into a clear solution containing nickel 
sulfate, urea and deionized water. In a typical experiment, the 
molar ratio of Ni2+: CO(NH2)2: H2O was 1: 5: 555 (Ni2+: 0.005 
mol). Then the liner containing the mixtures was put in an 
autoclave, sealed and heated at 363 K for 12 h. Afterwards, the 
chemically coated ACF was taken out, washed with deionized 
water and dried. Pure Ni2(OH)2CO3 was prepared via the same 
experimental procedure, except for adding ACF. 
Synthesis of ACF@[Ni3(HCOO)6] 
HCOOH and DMF (typically 2 ml and 40 ml, HCOOH: 6.0 wt%) 
were mixed at room temperature and transferred into a Teflon 
autoclave, before immersion of ACF@Ni2(OH)2CO3 into the 
solution. Afterwards, the autoclave was sealed and heated to 
373 K for 24 h. After cooling naturally, the product was taken out, 
washed with DMF and acetone for several times, and dried in 
vacuum. The loading of [Ni3(HCOO)6] MOF based on the 
composite is ca. 22 wt%.  
Pure [Ni3(HCOO)6] was also synthesized according to existing 
protocols.[5] The resultant green crystals were washed with DMF, 
and then immersed in methanol for 48 h (decanted and 
replenished every 16 h) to fully exchange the organic solvent 
molecules left inside the frameworks. [Ni3(HCOO)6] was also 
produced from the above-synthesized Ni2(OH)2CO3 under similar 
synthetic conditions to further confirm the feasibility of template 
synthesis. The physically mixed sample of [Ni3(HCOO)6] and 
ACF were obtained by directly mixing the [Ni3(HCOO)6] powders 
and the crushed ACF powders with a weight ratio of 22:78.  
See characterization section and pure gas adsorption measure-
ment details in SI. 
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A novel formate metal-organic framework and activated carbon fibre composite was 
fabricated through a facile two-step strategy involving homogeneous precipitation 
and template replication. The resultant core-shell composite, ACF@[Ni3(HCOO)6], 
exhibited superior adsorption performance both in selectivity and capacity for the 
separation of CH4/N2 to most of other state-of-the-art adsorbents. 
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